Proteasomes exist in all domains of life. In general, they are comprised of a compartmentalized protease whose activity is modulated by one or more regulatory complexes with which it interacts. The quaternary structure of this compartmentalized protease, called the 20S proteasome, is absolutely conserved and consists of four heptameric rings stacked coaxially.
Introduction
The 26S proteasome comprises two major sub assemblies: the 20S proteasome, also known as the core particle (CP), and a 19S regulatory particle (RP) [1, 2] . The CP consists of four heptameric rings built up from two structurally related subunits, α and β, in an α7β7β7α7 arrangement [3, 4, 5] . In eukaryotes, the α and β rings contain seven different subunits, and peptide hydrolysis activity resides within the β1, β2, and β5 subunits. Assembly of the CP is guided by structural features intrinsic to the CP subunits and by extrinsic factors in the form of dedicated assembly factors [6] . There are five such factors in eukaryotes, Ump1 and Pba1-4 (called PAC1-4 in mammals).
Assembly of the CP begins with the formation of α-rings which serve as a platform for the subsequent entry of β subunits until a half-proteasome (i.e. α7β7) intermediate is formed [7] .
Two half-proteasomes dimerize to give rise to the CP, a process that coincides with the autocatalytic removal of propeptides on the enzymatically active β subunits [8] . The assembly factors carry out several functions, including: ensuring the correct placement of subunits within the rings [9] , performing key checkpoint functions [10] , preventing non-desirable interactions between CP subunits themselves [11, 12] and preventing binding of RP to immature CP species [13] . The end result is a fully functional CP with all subunits occupying a defined position.
However, evidence has been mounting that the structure of the CP need not be considered fixed. In the yeast Saccharomyces cerevisiae, the α3 subunit is not essential for viability; in α3∆ yeast cells, an alternative CP is formed in which a second copy of α4 occupies the position normally held by α3 [14] . These "α4-α4 proteasomes", so-called because their α-rings now contain two neighboring α4 subunits, also arise in yeast when the Pba3-Pba4 assembly factor is absent [9] even though α3 is still present. Recently, α4-α4 proteasomes were shown to exist in mammalian cells, arguing that formation of this alternative CP is evolutionarily conserved [15] .
Here, we present additional evidence that the CP structure need not be considered 4 immutable. In addition to enabling the formation of α4-α4 proteasomes, we find that α4 assembles into high molecular weight complexes (HMWCs) that are most likely α4 rings. Some eukaryotic α subunits can form non-canonical rings when expressed recombinantly in bacteria but the relevance of these structures was not clear [16, 17, 18, 19] . This is the first report of such structures existing in wild-type cells in vivo, raising the possibility of functional significance.
Materials and Methods

Strains and Yeast Culture
Yeast strains are listed in Supplementary Table 1 . The α2HF strain (MATa) was generated by backcrossing the α2HF MATα strain kindly provided by Mark Hochstrasser. The crosslinkable α4 (α4CC) was engineered as described [14] , except we employed a C-terminal Flag tag. One liter yeast cultures were grown in YPD at 30 °C to mid-log phase. Yeast cells were harvested by centrifugation at 4,000 x g and the pellets washed with 40 ml of H2O prior to storage at -80 °C.
Yeast Lysis and Flag Purification
Yeast cell pellets were thawed in cold water and gently and resuspended in 48 ml of Buffer A (40 mM Hepes-NaOH pH 7.5, 10% (v/v) glycerol, 350 mM NaCl, 0.1% (v/v) Tween-20 supplemented with yeast protease inhibitors (Sigma) according to manufacturer's instructions).
The suspension was transferred to a 50 ml bead beater lysis chamber along with 0.5 mm glass beads (BioSpec). The yeast cells were lysed via bead beating for 15 cycles (1 min beating followed by 1 min rest/cooling). Total lysates were centrifuged at 11,000 rpm for 1 hour at 4 °C in a Beckman J2-21M centrifuge using a JA-20 rotor. The supernatant (soluble lysate) was transferred to a fresh 50 ml conical tube and the protein concentration measured via Bradford Assay or BCA Protein Assay Kit (ThermoScientific). When processing parallel samples, equal amounts of protein from the soluble lysate were incubated with 200 µl of anti-Flag agarose resin 5 (Sigma) overnight at 4 °C. The resin was collected in a 30 ml gravity column (Bio-Rad), washed with 60 ml of Buffer A, transferred to a fresh microcentrifuge tube, and centrifuged for 30 seconds at 4,000 × g. Excess Buffer A was aspirated, and the Flag-tagged proteins were eluted with 300 µl of Flag peptide (Sigma), at a concentration of 5 µg/µl in Tris-buffered saline (TBS), for 30 minutes at 4 °C. The eluted proteins were collected by transferring the resin mixture to a Pierce Micro-spin column (ThermoScientific) and centrifuging at 10,000 × g for 3 minutes.
Electrophoresis
Samples were subjected to SDS-PAGE and native PAGE as described [20, 21] except 4-15% non-denaturing polyacrylamide gradient gels, as well as 10%, 12% and 11-15% step gradient SDS-PAGE gels were used as indicated. For all gels, the migration of molecular size standards is indicated to the left of each gel image in the figures. The 4-15 % gradient gels were precast Mini-PROTEAN TGX (Bio-Rad) while all the others were poured in lab. For native PAGE, purified protein (20 µg) was mixed with 5× non-denaturing sample buffer (0.5 M Tris-HCl, pH 8.8, 50% (v/v) glycerol, traces of bromophenol blue). Non-denaturing gels were run at 60 V for 10 hours at 4 °C. Substrate overlay assay was carried out as described [20] . Native gels were stained with Imperial Protein Stain (ThermoScientific). Loading control samples were run on reducing 12% SDS-PAGE. All SDS-PAGE gels were stained with GelCode blue (ThermoScientific). antibody (SouthernBiotech) diluted 1:5000. The membrane was again washed 3 times as above before adding ECL substrate (ThermoFisher) and exposing to film.
Disulfide Crosslinking
Disulfide crosslinking was performed as described [20] . Crosslinked and non-crosslinked samples were mixed with 2× SDS sample buffer without DTT and loaded on to 11-15% SDS-PAGE step gradient gels. Where indicated, a 25 µl aliquot of each sample was reduced with 2 µl of 1M DTT at room temperature for 15 minutes.
Depletion Assay
Yeast cell pellets were lysed and CP purified with anti-Flag agarose resin as above. The Flag eluates were subjected to depletion via immobilized-cobalt affinity resin (ICAR) as described [21] , with the following modifications. The samples were applied to 150 µl of resin (Talon resin; Clontech) for 1 hour at 4 °C with gentle rocking. The flow through from the first ICAR depletion was subjected to a second round of ICAR using a fresh 150 µl of resin.
Proteomic Analysis
Slices cut from indicated gels were submitted to the Indiana University School of 
Results
Initially, we set out to study the formation and function of α4-α4 proteasomes in yeast.
We employed a crosslinking strategy [14] using an engineered α4 subunit (α4CC) with a Cterminal Flag epitope ( Figure 1A ). When α4-α4 proteasomes are present, the α4CC subunit gives rise to a diagnostic α4 dimer on non-reducing SDS-PAGE under mildly oxidizing 7 conditions. This dimer was readily observed when CP was purified from α3∆ yeast ( Figure 1B , lane 4). However, the α4 dimer was not observed in the wild-type sample (lane 2) consistent with previous observations that α4-α4 proteasomes are not detectable (at least using this approach) in wild-type yeast cells [9, 14] .
Interestingly, additional bands appeared near the top of the SDS-PAGE gel under nonreducing conditions. Like the α4 dimer, these species required the presence of α4CC and disappeared under reducing conditions ( Figure 1B) ; they also failed to form in the absence of added oxidant ( Figure 1C ). This argues that these slowly migrating species were the result of the engineered disulfide crosslink, just like the α4 dimer. However, unlike the α4 dimer, these species were also present in wild-type cells, albeit at lower levels compared to α3∆ cells ( Figure   1B , lanes 2 versus 4). LC-MS/MS analysis confirmed the presence of α4 in these bands (not shown) consistent with the slowly migrating species being a multimer (or multimers) of α4 crosslinked to itself.
To determine if these slowly migrating species represented actual α4-containing high molecular weight complexes (HMWCs), we analyzed Flag-purified CP samples by native PAGE.
The major complex in each sample, migrating near the 670 kDa size standard, was the CP (Supplementary Figure 1) . Species migrating slower than the CP were likely complexes of CP and Blm10; these were more abundant in the α3∆ samples because CP lacking α3 are constitutively open and Blm10 preferentially binds to CP with an open (or disordered) gate [23] .
Species migrating faster than the CP were also observed, some of which were likely CP assembly intermediates (Supplementary Figure 1, bracket) ; if α4 HMWCs were present, they would likely be found among them. To better visualize these faster migrating species, all of our subsequent native PAGE gels were loaded with an excess of protein ( Figure 2A ).
We excised several of these faster migrating species and submitted them for analysis by Figures 2 to 7 , and also [22] ). As expected, all six bands analyzed 8 suggested the presence of CP assembly intermediates. For example, band 1 contained all α subunits, all β subunits except β7, as well as the assembly factors Ump1, and Pba1-Pba2 (Figure 2A and Supplementary Figure 2) . This is consistent with band 1 containing the 15S assembly intermediate of the CP [6] (alternatively known as the "-β7 half-mer" [10] ).
LC-MS/MS (Supplementary
Interestingly, the composition of band 3 argued it too contained the 15S (Supplementary Figure   4 ). Yet band 3 migrated slightly slower than band 1, and was also more intense.
Band 3 was derived from a wild-type yeast strain containing α4CC whereas band 1 was derived from an isogenic strain containing (non-crosslinkable) α4. Hence, the difference in their electrophoretic mobility can be accounted for in two, not mutually exclusive, ways. On the one hand, to generate α4CC, two amino acids with non-ionizable sidechains were replaced by cysteines, which can be appreciably ionized at the pH of the resolving gel; this could affect the charge of α4CC-containing species and hence contribute to a migration difference of 15S in band 1 versus band 3. On the other hand, the increased intensity of band 3 could represent a novel species not found in band 1 i.e. the sought-after α4 HMWCs. Consistent with the latter scenario, we observed an excess of spectral counts for peptides derived from the α4 subunit, compared to those derived from other α subunits, in band 3 ( Figure 2B ). This vast excess was observed for all bands from samples containing α4CC (bands 3 to 6) and argued that these bands contained considerably more α4 than the other subunits. The simplest explanation was that bands 3 through 6 included not only CP assembly intermediates but also comparably sized HMWCs consisting of α4CC (Supplementary Figures 2 to 7) . The subunit composition of bands 1 through 6, including the excess of α4 in bands 3 to 6, was reproducible ( Supplementary   Figure 8) .
To confirm the existence of these novel α4 HMWCs as independent species, we pursued a depletion approach (Supplementary Figure 9) . Initially, we chose to do this in an α3∆ background because our data suggested these HMWCs are more abundant when α3 is deleted 9 ( Figures 1B and 2 ). We employed a strain in which α2 was C-terminally tagged with a tandem epitope consisting of a hexahistidine tag (his tag) and a Flag tag (α2HF). We crossed α2HF and α4CC α3∆ yeast to generate the α4CC α3∆ α2HF experimental depletion strain. We prepared lysates from cultures of the experimental depletion strain, and its two parental strains as controls (α4CC α3∆ and α2HF), and isolated all Flag-tagged species. We subjected the Flag eluates to both native and SDS-PAGE ( Figures 3A and 3B, lanes 1 to 3) . The CP was the major species in all the samples and faster migrating species were also observed. The faster migrating species in the two α4CC containing strains ( Figure 3A, lanes 1 and 3) were the equivalent of bands 5 and 6 in Figure 2A . As expected, these two bands were absent in the α2HF strain ( Figure 3A , lane 2) because this strain did not contain Flag-tagged α4; it is not possible to isolate any α4 HMWCs from this strain. The Flag eluates were depleted of any histagged proteins via two rounds of binding to immobilized cobalt affinity resin (ICAR; Supplementary Figures 9 and 10 ). Protein complexes not containing his-tagged components would remain in the second "his flow through" ( Figures 3A and 3B, lanes 4 to 6) .
The his flow through from the α4CC α3∆ parental control looked like its corresponding Flag eluate; since no α2HF was present, none of the species were retained on ICAR ( Figures   3A and 3B, lane 4; Supplementary Figure 10, lane 1) . The his flow through of the α2HF parental control was nearly completely empty; since the only Flag-tagged protein in this strain was also his-tagged, all Flag-containing species were depleted by ICAR ( Figures 3A and 3B, lane 5) , though a tiny amount of CP did escape depletion. In the his flow through of the experimental strain, nearly all of the CP was depleted, except for the tiny amount also present in the α2HF sample ( Figure 3A, lane 6) . Importantly, the two species migrating faster than CP were recovered in considerable amounts (bands 7 and 8), consistent with these species containing Flag-tagged α4 but not his-Flag-tagged α2. LC-MS/MS analysis confirmed the dominant species in each band was α4, though a considerable amount of the closely related Hsp70 paralogs, Ssa1p and Ssa2p, were present in band 8. The LC-MS/MS results were corroborated by SDS-PAGE showing α4 as the major species and a weaker Hsp70-containing band ( Figure   3B , lane 6). We repeated the depletion analysis and included the wild-type (i.e. non α3∆) yeast strain for comparison, which confirmed that these α4 HMWCs are also present in wild-type cells ( Figure 3C ).
Finally, we subjected aliquots of the his flow through from the α4CC α3∆ α2HF depletion strain (containing α4 HMWCs) to SDS-PAGE under reducing and non-reducing conditions; prior to electrophoresis, the samples were either treated (or not treated) with CuCl2 to initiate crosslinking ( Figure 4A ). Under non-reducing conditions, all the α4 migrated as distinct species near the top of the resolving gel. This confirmed that that the α4 HMWCs isolated in the depletion analysis were identical to the slowly migrating α4 species initially observed by nonreducing SDS-PAGE ( Figure 1B) , and consisted of α4 crosslinked to itself. This was further verified by Western blotting which demonstrated an expected α4 laddering pattern ( Figure 4B) ; this occurs when some of the α4 HMWCs in the sample are not completely crosslinked. It is notable that CuCl2 was not required to observe the α4 HMWCs in Figure 4 , unlike in Figure 1B .
We have shown before that protracted purification protocols, especially involving ICAR, are sufficiently oxidizing to allow crosslinking to occur even in the absence of exogenous oxidant [21] (see also Supplementary Note).
Discussion
We provide evidence that the α4 subunit exists in high molecular weight complexes (HMWCs) outside of the CP in vivo (Figures 1B and 3) . These non-canonical species are likely ring-shaped because their discovery was enabled by a cross-linking strategy developed to detect adjacent α4 subunits within the same α-ring [14] and because we observed a distinctive α4 laddering pattern that would be expected if these were rings ( Figure 4B ). The seven crosslinked bands in the laddering pattern could be evidence for an octameric ring, though it is also possible that two of the bands (presumably the two highest) each contain seven copies of α4. This would occur if one band is derived from a completely crosslinked (i.e. closed) heptameric ring and one band is derived from a heptameric ring with one crosslink missing (i.e.
an open chain of 7 subunits). Circular and linear topologies of a protein can migrate differently on SDS-PAGE [24] . Non-canonical rings containing different combinations of α subunits have been observed before, but only when recombinantly produced in bacteria [16, 17, 18, 19] . Thus, it was not clear if their recombinant existence was relevant physiologically. Ours is the first evidence that such complexes exist in vivo, in wild-type cells. The two species we observed on native PAGE ( Figure 3A , bands 7 and 8) could be single and double α4 rings that exist in equilibrium. There are several reasons why these particular α4 HMWCs escaped detection until now, even though the α4-α4 crosslinking approach was used before [9, 14] . First, the previous studies were interested in detecting α4-α4 proteasomes, specifically the characteristic α4-α4 dimers. Their analysis was not optimized to detect HMWCs, which likely failed to enter the resolving gel.
Here, using a lower percentage step gradient gel, we were able to detect these HMWCs ( Figure   1B ) which just barely entered the resolving gel. Second, the HMWCs may not be as stable as CP, especially when analyzed by native PAGE; the presence of crosslinkable α4 was needed to clearly visualize them (Figure 3 and Supplementary Figure 8 ; see also Supplementary Note).
Finally, these HMWCs are comparable in size to known CP intermediates (such as 13S, 15S, and half-proteasome species) and can thus be obscured by them. The excess of spectral counts for α4-derived peptides was consistent with this ( Figure 2B ) and our depletion experiments (Figure 3 ) confirmed it. We suggest increased vigilance in interpreting native PAGE data for proteasome assembly.
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The purpose of these α4 HMWCs remains to be determined. Recently, α4-GFP was found to localize into puncta in the absence of the Pba3-Pba4 chaperone [12] . It is not clear if these "aggregates" of α4 are related to the α4 HMWCs here, but we note that the HMWCs are already present in wild-type yeast cells. The observation that levels of HMWCs can increase, such as when α3 is deleted, suggests their levels could be regulated. This regulation might involve Ssa1/Ssa2 proteins, which associate tightly with HMWCs, surviving the extended depletion protocol.
Our data are consistent HMWCs having a physiological role, though we cannot yet rule out the possibility that these are misassembly products destined for removal by the protein quality control machinery. However, the recent study which identified α4-α4 proteasomes in mammalian cells, using the same crosslinking approach as here, also acknowledged higher molecular weight species containing α4 in vivo [15] . Though these species were not studied further, we note with interest their observation of an α4 laddering pattern (for example, Figure   2E in [15] ) similar to what we observed here ( Figure 4B ). This raises the possibility that the formation of α4 HMWCs, like the formation of α4-α4 proteasomes, is evolutionarily conserved. 
